The physiological role of cumulus cells (CC) surrounding oocytes is particularly important for normal cytoplasmic maturation of oocytes. However, removal of CC from oocytes is inevitable for some embryo manipulation techniques, such as germinal vesicle (GV) transfer, somatic cell haploidization, and oocyte cryopreservation. The present study was designed to determine an optimal method to culture porcine denuded oocytes (DO). The results indicated CC from cumulus-oocyte complexes at the GV stage (GVCC) or at the metaphase II stage, and mural granulosa cells could not improve the maturation of DO. However, GVCC could enhance the development of matured porcine DO after fertilization; the percentage of blastocysts was increased from 1.1 to 17.2% (P < 0.05), and the relative value of the x-axis and y-axis of spindles was also increased (P < 0.05). Coculture with GVCC had no effect on the distribution of mitochondria and cortical granules. The results contribute to our understanding of the mechanisms by which CC promote oocyte maturation and contribute to optimization of protocols for in vitro maturation of DO.
INTRODUCTION
Oocyte quality is critically important for optimal fertilization, preimplantation embryo development, and implantation. During follicular development, oocyte quality is affected by the communication between the oocyte and surrounding cumulus cells (CC; Krisher, 2004) . In the antral ovarian follicle, mural granulosa cells (MGC) form the follicular wall and CC communicate with both MGC and oocytes through gap junctions (Moor et al., 1980; Eppig, 1982; Furger et al., 1996; Sasseville et al., 2009) . Removal of CC before in vitro maturation (IVM) decreases the quality of oocytes during IVM in mice (Schroeder and Eppig, 1984) , rats (Vanderhyden and Armstrong, 1989) , cattle (Chian et al., 1994; Zhang et al., 1995) , and pigs (Wongsrikeao et al., 2005) .
Coculture with cumulus-oocyte complexes (COC) or CC has been found to partially restore the developmental potential of denuded oocytes (DO) from cattle (Zhang et al., 1995; Hashimoto et al., 1998; Luciano et al., 2005) , mice (Cecconi et al., 1996; Yamazaki et al., 2001; Ma et al., 2007; Ge et al., 2008a,b) , and humans (Combelles et al., 2005) . Therefore, CC are considered to have an important role in oocyte maturation by regulating the meiotic progression and by supporting cytoplasmic maturation (Tanghe et al., 2002) . However, removal of CC from oocytes or zygotes at various stages of development is inevitable for some embryo manipulation techniques, such as germinal vesicle (GV) transfer, somatic cell haploidization, and oocyte cryopreservation at the GV stage. Especially with the development of RNA interference techniques used to study specific areas of reproduction, investigators need to inject small interfering RNA or mRNA into oocytes at the GV stage to knock down or overexpress genes, and to study the functions of genes during maturation and fertilization, as has been performed in mice (Xiong et al., 2008) . However, removal of CC before maturation was shown to decrease the proportion of porcine oocytes undergoing GV breakdown and to decrease the maturation rate (Wongsrikeao et al., 2005) . Therefore, a method is needed to culture porcine DO in which the DO retain developmental competence. In addition, the mechanisms by which CC improve oocyte maturation are poorly understood.
The objective of this study was to clarify whether coculture with the homologous CC vs. MGC would improve the maturation of porcine DO and subsequent development after fertilization. Maturation and blastocyst percentage, spindle assembly, distribution of mitochondria, and cortical granules (CG) were compared between DO matured alone or cocultured on a CC monolayer.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the samples were obtained from a federally inspected slaughter facility (Premium Standard Farms, Milan, MO).
Preparation of Porcine Oocytes
All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise specified. Porcine ovaries were obtained from a slaughterhouse and transported to the laboratory while maintained at approximately 34°C. Follicular fluid from 3-to 6-mm antral follicles was aspirated with an 18-ga needle attached to a 10-mL syringe. Cumulus-oocyte complexes with uniform cytoplasm and several layers of CC were selected and rinsed twice in washing medium [Tyrode's lactate-buffered HEPES supplemented with 0.1% polyvinyl alcohol (PVA; Hagen et al., 1991) ] and 3 times in maturation medium (TCM-199 medium supplemented with 0.1% PVA, 3.05 mM d-glucose, 0.91 mM sodium pyruvate, 75 mg/mL of penicillin, 50 mg/mL of streptomycin, 0.57 mM cysteine, and 10 ng/mL of epidermal growth factor). Approximately 50 to 70 COC per well were cultured in multidish plates containing TCM-199 medium supplemented with 0.1% PVA, 3.05 mM d-glucose, 0.91 mM sodium pyruvate, 10 µg/mL of gentamicin, 0.57 mM cysteine, 10 ng/mL of epidermal growth factor, 0.5 µg/mL of FSH, and 0.5 µg/mL of LH, covered with mineral oil. The COC were randomly divided into 2 groups. One group was directly cultured for maturation and the other group was used for preparation of DO. After culture for 44 to 46 h, CC were removed by vortexing for 5 min in 0.1% bovine testicular hyaluronidase (in Tyrode's lactate-buffered HEPES supplemented with 0.1% PVA). In this study, only oocytes with first polar bodies were used as matured oocytes after culture for 44 h.
Preparation of Cocultured Cell Monolayer
CC. Cumulus-oocyte complexes at the GV stage and metaphase II (MII) stage were vortexed for 5 min in 0.1% bovine testicular hyaluronidase. After CC were removed, they were washed twice in PBS by centrifugation (200 × g at room temperature, 5 min each). Pellets were resuspended in somatic cell culture medium (Dulbecco's modified Eagle's medium supplemented with 15% fetal bovine serum), and cells were counted on a hemocytometer (Fisher, St. Louis, MO). The final suspension (approximately 3 × 10 5 cells/mL) was added to 4-well culture plates (500 µL of suspension per well) and cultured at 38.5°C in a humidified atmosphere of 5% CO 2 in air.
MGC. The MGC were collected simultaneously with the GV-stage oocytes. The MGC sheets were pelleted by centrifugation at 200 × g for 5 min at room temperature. The pellets were resuspended in PBS, and MGC were dispersed by pipetting with a narrow-bore pipette. The MGC were then washed twice in PBS by centrifugation (200 × g for 5 min at room temperature) before being seeded in wells of a 4-well dish at the same cell density and cultured under the same conditions as CC.
Coculture of DO with Cell Monolayer
When CC or MGC grew to 80% of confluence, the exhausted medium in the wells was replaced with 500 µL of maturation medium. After 3 h of equilibration in a CO 2 incubator, DO were placed in wells (50 to 70 per well) and cultured at 38.5°C in 5% CO 2 in air.
In Vitro Fertilization and Embryo Culture
Matured oocytes with a first polar body were washed 3 times in modified Tris-buffered medium. Approximately 30 to 35 oocytes were transferred into 50-µL droplets of in vitro fertilization (IVF) medium covered with mineral oil that had been equilibrated at 38.5°C in 5% CO 2 in air. A 0.1-mL frozen semen pellet was thawed at 38.5°C in 10 mL of sperm-washing medium. After washing twice by centrifugation (1,900 × g at room temperature, 4 min), ejaculated cryopreserved spermatozoa were resuspended with fertilization medium to a concentration of 1 × 10 6 cells/mL. Fifty microliters of the sperm sample was added to the fertilization droplets containing the oocytes, giving a final sperm concentration of 0.25 × 10 6 cells/mL. Oocytes were coincubated with sperm for 4 to 6 h. After fertilization, oocytes were washed 3 times and cultured in 500 µL of porcine zygote medium 3 in 4-well dishes at 38.5°C in 5% CO 2 in air. Cleavage and blastocyst formation were evaluated on d 2 and 6, respectively, with the day of IVF designated d 0. Day 2 cleavage and d 6 blastocyst rates were used to evaluate in vitro development.
Number of Nuclei in Blastocysts
For embryos derived from IVF, zonae pellucidae were removed by pronase treatment to eliminate the attached sperm. Expanded d 6 blastocysts derived from Denuded porcine oocytes are developmentally competent IVF were selected for cell number comparison. After being fixed in 4% paraformaldehyde in PBS for 15 min at room temperature, embryos were mounted on slides in mounting medium containing 4,6-diamidino-2-phenylindole (DAPI). At least 10 oocytes/embryo were processed for each separate sample, and the experiments were replicated 3 times. Slides were analyzed under an epifluorescent microscope (Nikon, Hicksville, NY) equipped with a digital camera. Images were captured and processed using Nikon NIS-Elements software.
Fluorescence and Immunofluorescence Microscopy
Spindle (α-Tubulin) Staining. Our studies used antibodies against α-tubulin (1:100; No. F2168, Sigma) to stain microtubules for meiotic spindle evaluation. The zonae pellucidae of oocytes were removed with 0.25% pronase, washed in PBS, and then fixed in 4% (wt/vol) paraformaldehyde in PBS for 1 h at room temperature. Oocytes were washed 3 times in PBS, and then placed into 50% methanol for 5 min, 100% methanol for 5 min, and 100% acetone for 5 min to extract lipid droplets, which are abundant in pig oocytes. Lipid-extracted oocytes were rehydrated and permeabilized in 1% Triton X-100 (vol/vol) permeabilization solution (1% Triton X-100, 20 mM HEPES, pH 7.4, 3 mM MgCl 2 , 50 mM NaCl, 300 mM sucrose, 0.02% NaN 3 in PBS) for 2 d. After oocytes had been blocked with 3% BSA for 1 h at room temperature, they were stained with 1:100 anti-α-tubulin fluorescein isothiocyanate-labeled antibodies and counterstained with 1 mg/mL of DAPI in Vectashield mounting medium (Vector Laboratories, Burlingame, CA) to stain DNA. Finally, oocytes were mounted on glass slides. All samples were observed with a laser-scanning confocal fluorescent microscope (LSM510 Meta, Zeiss, Thornwood, NY). Data were saved and subsequently processed with Photoshop software (Adobe Systems Incorporated, San Jose, CA). Each treatment was analyzed in 3 repeated experiments. The distance between the 2 spindle poles is designated x-axis, and the distance vertical to the xaxis is designated y-axis. We termed the relative value of x-axis and y-axis to be X/Y (Ueno et al., 2005) .
Evaluation of Mitochondrial Distribution. A stock solution of MitoTracker Red CMXRos (Molecular Probes, Eugene, OR) fluorescence probe at a concentration of 1 mM was prepared in dimethyl sulfoxide and stored at −20°C. Oocytes at the MII stage after IVM culture were stained for active mitochondria in maturation medium containing 0.5 mmol/L of cell permeant MitoTracker Red CMXRos for 30 min at 38.5°C in a dark environment and 5% CO 2 in air. After washing 3 times with maturation medium for 20 min each, oocytes were fixed with 4% (wt/vol) paraformaldehyde in PBS for 30 min at room temperature, and then washed twice in PBS containing 0.3% (wt/vol) PVA and 1% (vol/vol) Triton X-100, for 10 min each. Oocytes were stained with DAPI (1 mg/mL) for 10 min to detect DNA. After 2 more washes in PBS, oocytes were mounted on nonfluorescent glass slides and observed under a laser-scanning confocal fluorescent microscope (Zeiss LSM510 Meta).
Evaluation of CG Distribution. Oocytes were fixed with 4% (wt/vol) paraformaldehyde in PBS for 30 min at room temperature, and then washed 3 times in PBS containing 0.3% BSA and 100 mM glycine for 5 min each. After a 5-min treatment with PBS containing 0.1% Triton X-100, oocytes were washed 2 additional times in PBS (5 min each). To label the CG, oocytes were cultured in fluorescein isothiocyanate-labeled peanut agglutinin (100 mg/mL) in PBS for 30 min in a dark box. After staining, oocytes were washed 3 times in PBS containing 0.3% BSA and 0.01% Triton X-100. Nuclear status of the oocytes was evaluated by staining with 10 mg/mL of DAPI in PBS for 10 min. Finally, oocytes were washed in PBS and mounted on nonfluorescent glass slides; observation was performed using a laser-scanning confocal fluorescent microscope (Zeiss LSM510 Meta). Scans were taken through the equatorial plane of the oocyte. Randomly, 10 oocytes from each slide were scanned and recorded with the confocal laser fluorescent microscope. Each treatment was repeated at least 3 times.
Data Analyses
For each treatment, 3 replicates were used. Percentage data were arcsine transformed before 1-way ANO-VA, with variation attributable to replication included in the model. Cell number data and ratio data were analyzed without transformation. Differences between treated groups were evaluated with the Duncan multiple-comparison test. Data are expressed as mean ± SEM, and P < 0.05 is considered significant. The software used was SPSS (Statistical Package for the Social Sciences, SPSS Inc., Chicago, IL). Percentage data were arcsine transformed before analysis and continuous data were not.
RESULTS

Effects of Coculture with Monolayer of CC or MGC on the Maturation of Porcine DO
When DO were cultured alone in maturation medium, the rate of maturation was low; only 43.5% of DO could be matured. When DO were matured on the monolayer of GVCC, MIICC, or MGC, the maturation percentage of DO was not improved (P < 0.05; Figure 1 ).
Effects of Coculture with Monolayer of CC or MGC on the Development of Embryos from Fertilized Porcine DO
When matured oocytes from DO were cultured alone or cocultured with cell monolayer of GVCC, MIICC, or MGC fertilized in vitro, there was no difference in the percentage of cleavage, and more than 70% fertilized oocytes divided (Table 1) . However, when DO were cocultured with GVCC, GVCC were able to increase (P < 0.05) the percentage of blastocysts of DO after fertilization from 1.1 to 17.2%. Neither MIICC nor MGC could improve the development of DO after fertilization. The average cell number of blastocysts derived from DO matured on the monolayer of GVCC was greater (P < 0.05) than that of blastocysts from DO matured alone in maturation medium (44.3 vs. 66.8; Table 1 ).
Effects of Coculture with Monolayer of GVCC on Spindle Morphology of Porcine Oocytes Matured In Vitro
The matured oocytes were examined for spindle morphology after 44 h of maturation culture. To compare spindle morphologies, the ratio of the x-axis to the yaxis was calculated. It showed that the ratio of X/Y derived from DO matured on the monolayer of GVCC (1.06 ± 0.06) was greater (P < 0.05) than that of X/Y from DO matured alone in maturation medium (0.83 ± 0.05); however, it was still less than the rate of X/Y from COC (1.24 ± 0.05; Figure 2A ).
Effects of Coculture with Monolayer of GVCC on Mitochondrial Distribution of Porcine Oocytes Maturated In Vitro
In all IVM oocytes examined, mitochondria labeled with MitoTracker CMXRos were observed mostly in the cortical area of the ooplasm associated with lipid droplets. There was no difference in mitochondrial distribution between DO matured alone in maturation medium and DO matured on the monolayer of GVCC ( Figure 2B ).
Effects of Coculture with Monolayer of GVCC on CG Distribution of Porcine Oocytes Matured In Vitro
In all IVM oocytes examined, almost all CG migrated to the cortex and were located just beneath the ooplasm membrane, where they formed a monolayer. There was no difference in CG distribution between DO matured alone in maturation medium and DO matured on the monolayer of GVCC ( Figure 2C ).
DISCUSSION
The granulosa cells are known to undergo a series of mitotic divisions and differentiate into 2 populations: CC, surrounding the oocytes, and MGC, representing the innermost layer of the follicle wall during follicle growth (Albertini and Anderson, 1974) . Previous studies in bovine showed that coculture with CC (Zhang et al., 1995) and MGC (Ikeda et al., 2000) was able to increase the development of DO into blastocysts after fertilization. Coculture of DO with CC also enhanced the percentage of maturation and blastocyst formation in mice (Ge et al., 2008a,b) . In our studies, we found that coculture with a monolayer of GVCC was not able to enhance the percentage of maturation of porcine DO; however, blastocyst formation was improved. Coculture on the monolayer of MIICC or MGC was not able to improve either maturation or embryo development of DO. The average cell number of blastocysts derived from DO matured on the monolayer of GVCC was greater than that of blastocysts from DO matured alone in maturation medium. Our findings support the hypothesis that coculture with CC improved the qual- Denuded porcine oocytes are developmentally competent ity of cytoplasmic maturation. Cytoplasmic maturation is the process by which oocytes acquire developmental competence. Recently, investigators have used spindle analysis to assess oocyte quality (Liu et al., 2000; Wang et al., 2001) and have found that incomplete cytoplasmic maturation of IVM oocytes often results in abnormal microtubules and microfilaments, which cause abnormal pronuclear formation and defective embryo development (Kim et al., 1996; Hu et al., 2001) . Abnormalities in microtubule formation profoundly influence the formation of the meiotic spindle, a dynamic assembly of microtubules (Schatten et al., 1985; Miao et al., 2009a,b) , which is often associated with abnormal chromosome segregation after fertilization and reduces the developmental capacity of embryos (Eroglu et al., 1998) . Ueno et al. (2005) reported that maturation conditions influenced morphogenesis of MII spindles in porcine oocytes and that oocytes matured under poor conditions were more likely to have a shorter spindle lengths (long axes) and smaller spindle areas. Ge et al. (2008b) reported that removal of CC from mouse oocytes could impair spindle assembly; however, coculture with CC reduced the number of impaired oocytes. Our results show that removal of CC before IVM could disturb spindle assembly and reduce the relative value of the x-axis and yaxis. Coculture with CC also could improve the relative value of the x-axis and y-axis and therefore increase the quality of oocytes.
Mitochondria in oocytes play an important role in providing ATP for fertilization and preimplantation embryo development (Torner et al., 2004) , and maturation, redistribution, ATP production, and energy accumulation during oogenesis are crucial processes for activation, fertilization, and further successful development (Calarco, 1995; Sukhomlinova et al., 2001; Van Blerkom et al., 2002) . Oocytes maturated in vitro were associated with changes in the distribution of active mitochondria, and culture conditions might cause incomplete movement of mitochondria to the inner cytoplasm, thereby affecting cytoplasmic maturation (Sun et al., 2001 ). Impaired mitochondria congregation has been reported after removal of the cumulus from mouse oocytes. It caused depolarization of the mitochondrial membrane; coculture with CC reduced the number of DO with depolarized mitochondria (Ge et al., 2008b) . However, in the current experiments, there was no difference in the distribution of mitochondria between DO matured alone in the maturation medium and DO matured on the monolayer of GVCC.
Polyspermy is one of the problems associated with pig oocytes matured and fertilized in vitro that causes early embryo death (Niwa, 1993) . It is well known that CG have an important role in the block to polyspermic penetration in mammalian oocytes (Yanagimachi, 1994) . Upon sperm penetration and activation, CG are released and their contents are discharged into the perivitelline space, forming a fertilization envelope (Dandekar and Talbot, 1992) to establish a functional block to polyspermic penetration. The CG are distributed in the cytoplasm at the cortex of porcine oocytes at the GV stage. As nuclear maturation proceeds to metaphase I and MII, CG migrate to the cortex and form a continuous monolayer underneath the oolemma. No distinct CG-free domain is observed in oocytes during maturation. The migration of CG to the cortex continues during maturation, with an increased CG density after the GV stage (Wang et al., 1997) . Ge et al. (2008b) showed that removal of the cumulus causes precocious exocytosis of CG, leading to zona hardening and reduced penetrability of mouse oocytes by sperm. After DO were matured on the CC monolayer, however, fewer DO underwent a partial CG release (Ge et al., 2008b) . Premature migration and partial exocytosis of CG have also been reported after removal of CC from porcine oocytes (Galeati et al., 1991) . However, in the current experiments, there was no difference in the distribution of CG between DO matured alone in the maturation medium and DO matured on the monolayer of GVCC.
In conclusion, our research showed that coculture with CC improved the quality of cytoplasmic maturation in porcine DO. The results presented here show that coculture with a monolayer of GVCC could enhance the development of porcine DO after fertilization and also increase the relative value of the x-axis and y-axis of spindles. Coculture with GVCC had no effect on the distribution of mitochondria and CG. Taken together, coculture with GVCC provides a method to culture porcine DO to study the functions of genes during the maturation and fertilization using RNA interference or overexpression. The data reported herein contribute to our understanding of the mechanisms by which CC promote oocyte maturation and allow optimization of protocols for IVM of DO.
